Room temperature near-infrared intersubband transitions were observed in MBE grown non-polar cubic GaN/AlN superlattice structures. The peak wavelengths of these transitions were observed in the spectral region of 1.5-2.0 µm and were theoretically supported using a transfer matrix approach. All samples were unintentionally doped and grown on 3C-SiC substrates with a 100 nm GaN buffer. Each structure consisted of a 20 periods of GaN/AlN superlattice capped with 100nm of GaN. The thickness of the AlN barrier was fixed at 1.35, while the thickness of the GaN well was varied between 1.6 and 2.1nm. Electrochemical Capacitance Voltage (ECV) measurements allowed direct measurement of the intrinsic carrier concentration in a thick unintentionally doped cubic GaN layer, which confirmed sufficient population of the ground state energy level.
INTRODUCTION
The polar nature of the hexagonal III-nitrides [1] grown on the c-plane (0001) sapphire contributes to the presence of strong intrinsic piezoelectric and pyroelectric fields at heterointerfaces. The presence of these sheet charges at hetero-interfaces have been shown to influence optical and electrical properties, thereby making the design of intersubband based devices problematic [2] [3] . In the past, efforts to reduce or eliminate these effects have been accomplished by using R-plane (10) (11) (12) sapphire substrates which result in non-polar A-plane (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) hexagonal nitride material, thus effectively eliminating the contributions of these large electric fields [4] [5] . However, the excellent crystal symmetry exhibited by the non-polar cubic III-nitride system also provides a means to circumvent the challenging effects of sheet charges at hetero-interfaces.
The availability of a large conduction offset (~1.33eV) in the cubic system consisting of AlN and GaN allows intersubband absorption tuning over a wide spectral. In this study, it is the magnitude of this band offset that has enabled the tuning of intersubband absorption wavelengths near the important telecommunication wavelength of 1.55µm. Great strides in understanding the growth kinetics of cubic nitride materials [6] has enabled the growth of high quality cubic GaN/AlN superlattices giving rise to near-infrared intersubband absorption first reported in the cubic nitride system [7] .
EXPERIMENT
In this study, all structures were grown at 720 °C on free standing 3C-SiC (001) substrates by plasma assisted molecular beam epitaxy using growth techniques as described in reference 6. The structures consisted of a 100 nm thick cubic GaN buffer, followed by a 20 period GaN/AlN superlattice (SL), and finished with a 100 nm thick cubic GaN cap. For the three samples reported, the barrier thicknesses were fixed at 1.35 nm for all samples while the well thickness was altered in the range of 1.6 -2.1 nm. Further details about the growth of these superlattices may be found in reference 7.
Optical absorption due to intersubband transitions was observed in non-polar cubic GaN/AlN short period superlattices grown by plasma assisted molecular beam epitaxy on 3C-SiC substrates. Since absorption in quantum well structures occurs only for polarization parallel to the growth axis (z-axis) and is forbidden under normal incidence, a waveguide configuration is used to enhance electron-photon coupling by taking advantage of multiple passes of light. The waveguide geometry used consisted of two parallel facets polished at 45 o to allow multiple light passes through the active region. The peak positions of the intersubband transitions obtained at room temperature were observed in the spectral range of 1.5 to 2 µ m. These peak absorption energies observed in experiment were further supported by using a transfer matrix method (also known as a propagation matrix method) to calculate the bound state energy levels in these quantum wells.
RESULTS AND DISCUSSION
All optical absorption measurements were recorded using a Bruker Fourier-transform 125HR spectrometer. The configuration consisted of a quartz-halogen light source, an InSb cooled detector, and a calcium fluoride beam-splitter. This configuration permitted measurements in the spectral range of one-three microns. A transfer matrix method as described by Levi [8] was used to calculate the bound state energy levels as a function of well width. These calculated values are then compared to the peak position energies obtained from the optical absorption spectra of the intersubband transitions. Furthermore, ECV measurements were used to quantify the carrier concentrations in these quantum wells to ensure sufficient ground state population.
The room temperature absorbance spectra of the intersubband transition in three superlattice samples are plotted in Fig. 1 . In these figures, the absorbance is defined as the product of the absorption coefficient (α) and the total thickness of the quantum wells (active region) in the superlattice (L). In these superlattices, it is expected that splitting of the energy levels occur due to overlap between localized wave functions in neighboring quantum wells, which leads to the formation of mini-bands. It is expected that the presence of these minibands may contribute to the inhomogenous broadening of the transitions; however, this broadening is negligible as compared to the inhomogenous broadening introduced by well fluctuations [9] . Homogenous broadening of the transition line shape is commonly described by a Lorentzian lineshape whose FWHM may also attributed to the dephasing time of excited electrons (associated with electron-electron scattering processes) [10] [11] . Consequently, a dual Lorentzian fit has been shown to elucidate the assymetrical line shape revealed in Figure 1 . While the line-shape of spectra B and C nearly approach that of a single Lorentzian, the asymmetrical line shape of sample A is best fitted by two Lorentzian functions as seen in Fig. 1  (dotted lines) . Also, the absorbance peak of sample C covers the wavelength of 1.55 µm, which is a common optical communication wavelength due its low attenuation in silica fibers. As summarized in Table I , it can be seen the full width at half maximum (FWHM) of each absorption peak is as much as five times broader as compared to the FWHM of the intersubband transitions in other systems, such as GaAs/AlGaAs and hexagonal AlN/GaN [12, 13] . This lapse in crystal quality is linked to the metastable nature of cubic-nitride system which lends additional obstacles in maintaining high crystal qualities as exhibited by the stable hexagonal counterpart. However, this first time observation in the cubic system further demonstrates the potential for using cubic GaN/AlN superlattices for near infrared optical detectors while avoiding the spontaneous polarization effects seen in the hexagonal system. Table I . Summary of the 20-period cubic-GaN/AlN superlattice samples used in the present study. FWHM is the full width at half maximum of the intersubband transition spectra, n 2D is the two dimensional electron gas obtained by electrochemical capacitance measurements, and E F is the Fermi energy level calculated from Eq. (1). To further confirm the observation of intersubband transitions in these superlattices, a comparison between the experimental data and the calculated results obtained via a transfer matrix calculation is given in Fig. 2 . The experimental data (represented by solid circles) were obtained directly from the peak position of the absorbance spectra while the calculated data (blue line) is obtained by taking the difference between the ground state (E 1 ) and the first excited state (E 2 ). The calculations were made for an electron effective mass of 0.19m o , where m o is the free electron mass [14] . In this transfer matrix approach, the experimental values are in reasonable agreement with the calculated trend of the E 1 → E 2 transition energy considering the simplistic model used in this study does not take into account many-body or conduction band nonparabolicity effects [10] . The most significant parameters which enter this calculation are the electron effective masses in the cubic-GaN well region and the ratio between the conduction and valence bands offsets (∆E CV ). The best agreement between the experimental data and calculated results shown in Fig. 2 was found using a conduction band offset (∆E CV ) of 70:30. While ∆E CV has not been thoroughly investigated for cubic III-nitrides, the ratio used here (70:30) is in accordance to those reported for the hexagonal III-nitrides [15] . A summary of the experimental and calculated results are given in Table I .
The charge carrier concentrations were measured using an electrochemical capacitancevoltage profiler (ECVPro). Since etching AlN is not possible due to the fact that the ultraviolet source used in the ECVPro system does not cover the band gap of AlN, a reference sample with a thick cubic GaN layer was grown under identical growth conditions as those of the GaN/AlN superlattices. This reference layer was tested using the ECVPro system and the results are shown in Fig. 3 . . The peak observed at the depth of ~580 nm is due to the charge accumulation at the GaN/SiC interface. The carrier concentration of 4.71x10 17 cm -3 observed in the SiC substrate is in good agreement with the values provided by the manufacturer of the substrate. By using the measured three-dimensional carrier concentration of unintentionally doped cubic-GaN and the well widths determined from RHEED oscillation and confirmed by the high resolution X-ray diffraction measurements, the Fermi energy level (E F ) position in the superlattices is calculated using the following expression [16] :
where n 2D is the two-dimensional electron concentration, ħ is Planck constant, and m * is the effective mass. The calculated values of E F for three samples are listed in Table I . Since the well width is small and the effective mass in relatively large, the calculated Fermi energy level is slightly above the ground state. Nonetheless, this condition is sufficient for population of the ground state with electrons, which is a necessary condition to observe intersubband transitions.
CONCLUSIONS
In conclusion, intersubband transitions were observed in the near-infrared spectral region in cubic-GaN/AlN short period superlattices grown on cubic SiC substrates. Growth enhancement of cubic nitride has enabled the observation of intersubband transitions in this system in the absence of piezoelectric effect. The electrochemical capacitance-voltage measurements confirm the presence of relatively high carrier concentrations in the cubic GaN system investigated here. Good agreement between the experimental and calculated peak energy position of the intersubband transition is obtained. The optical absorption measurements confirm the tuning of the intersubband transition in cubic GaN/AlN to the near infrared spectral region. In particular, the peak position of the intersubband transition spectrum reached the 1.55 µm spectral region, which is an important wavelength used in optical communications.
